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Abstract 
A crucial step during eukaryotic initiation of DNA replication is the correct loading 
and activation of the replicative DNA helicase, which ensures that each replication 
origin fires only once. Unregulated DNA helicase loading and activation, as it occurs 
in cancer, can cause severe DNA damage and genomic instability. The essential 
mini-chromosome maintenance proteins 2-7 (MCM2-7) represent the core of the 
eukaryotic replicative helicase that is loaded at DNA replication origins during G1-
phase of the cell cycle. The MCM2-7 helicase activity, however, is only triggered 
during S-phase once the holo-helicase Cdc45-MCM2-7-GINS (CMG) has been 
formed. A large number of factors and several kinases interact and contribute to 
CMG formation and helicase activation, though the exact mechanisms remain 
unclear. Crucially, upon DNA damage, this reaction is temporarily halted to ensure 
genome integrity. Here, we review the current understanding of helicase activation; 
we focus on protein interactions during CMG formation, discuss structural changes 
during helicase activation and outline similarities and differences of the prokaryotic 
and eukaryotic helicase activation process. 
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Introduction 
DNA replication is a critical cellular process essential for stable maintenance of the 
genome prior to cell division. Cells have evolved a sophisticated regulatory network 
that allows efficient and controlled replication of the genome. This involves loading of 
the replicative DNA helicase at many evenly spaced replication origins across the full 
length of the chromosome in late M-phase to early G1-phase of the cell cycle, and 
the activation of the helicase in S-phase. Importantly, helicase loading is strictly 
inhibited in S-phase, which guarantees that no piece of DNA is replicated more than 
once. During tumorigenesis unregulated helicase loading and activation occurs 
resulting in severe genomic instability. This in part explains why cancerous cells are 
characterised by high cell death rates. Nevertheless, the high mutation rates also 
offer the surviving cells a chance to adapt quickly or acquire new functions. 
 
DNA licensing 
Initiation of DNA replication begins with the recruitment of the replicative helicase to 
origin DNA. To allow efficient DNA synthesis, it is necessary to load multiple copies 
of the replicative DNA helicase at hundreds of origins in Saccharomyces cerevisiae 
or tens of thousands of origins in humans. This is a challenging task, since DNA 
accessibility inside the nucleus varies significantly depending on its position on the 
chromosome and chromatin composition (e.g. transcriptionally active or silent 
chromatin, telomeres or centromeres, etc.). Eukaryotic cells have evolved a 
sophisticated machinery to achieve efficient helicase recruitment and loading. In S. 
cerevisiae eight protein factors make up the helicase loading machine: the six-
subunit origin recognition complex (ORC1-6), Cdc6 and Cdt1 (Riera et al. 2014). 
During helicase loading, also termed pre-replication complex (pre-RC) formation, two 
copies of the MCM2-7 helicase are loaded in a stable head-to-head double-hexamer 
around double-stranded (ds) origin DNA (Evrin et al. 2009; Gambus et al. 2011; 
Remus et al. 2009). The reconstitution of budding yeast pre-RC formation with 
purified proteins has significantly advanced our understanding of this vital reaction. 
Therefore we will focus on describing the process in this organism.  
Pre-RC formation is initiated by ORC, which specifically binds to replication 
origins, and stays attached to chromatin throughout the cell cycle (Bell and Stillman 
1992; Liang and Stillman 1997). The ORC-DNA complex recruits Cdc6 in late M 
early G1 phase of the cell cycle to the replication origin (Weinreich et al. 1999). 
4 
 
Binding of ORC and Cdc6 is an ATP-dependent process (Speck et al. 2005) and 
involves interactions between Cdc6 and the Orc1 and Orc2 subunits (Huo et al. 
2012). Then, ORC-Cdc6 recruits MCM2-7-Cdt1 to replication origins (Coleman et al. 
1996; Donovan et al. 1997; Evrin et al. 2009; Randell et al. 2006; Remus et al. 2009; 
Tanaka et al. 1997). In budding yeast Cdt1 is required for the nuclear import of 
MCM2-7 (Tanaka and Diffley 2002). Moreover, a Cdt1 interaction with Mcm6 
alleviates an inhibitory activity in the C-terminus of Mcm6 (Fernandez-Cid et al. 
2013), which in turn allows formation of the ORC-Cdc6-Cdt1-MCM2-7 (OCCM) 
complex (Evrin et al. 2013). OCCM establishment induces Orc1 and Cdc6 ATP 
hydrolysis and promotes Cdt1 release, resulting in an ORC-Cdc6-MCM2-7 (OCM) 
complex (Fernandez-Cid et al. 2013; Randell et al. 2006). This OCM complex is an 
intermediate of the pre-RC reaction and is, in contrast to the OCCM, able to recruit a 
second MCM2-7 hexamer to the DNA. Once the second MCM2-7 hexamer is 
recruited, a stable hexamer-hexamer interface is established (Evrin et al. 2014), 
which leads to formation of a head-to-head MCM2-7 double-hexamer (Riera et al. 
2014). A summary of the known protein-protein interactions involved in S. cerevisiae 
pre-RC formation can be found in Table 1.  
The loading of the MCM2-7 double-hexamer at replication origins makes 
sense, as this complex is ideally suited to set up bidirectional replication forks in S-
phase, with each fork inheriting one MCM2-7 hexamer. Importantly, CDK is a prime 
inhibitor of helicase loading in S-phase, which is essential to circumvent re-
replication (Nguyen et al. 2001). It was discovered recently that CDK dependent 
phosphorylation of ORC specifically affects the ATP-hydrolysis driven OCCM to 
OCM transition, indicating that pre-RC formation is not controlled at the level of initial 
complex formation, but that OCM formation is subject to a quality control mechanism 
(Fernandez-Cid et al. 2013; Frigola et al. 2013). All pre-RC intermediates are 
sensitive to salt washes, however, the MCM2-7 double-hexamer that encircles 
dsDNA is stable in the presence of high salt (Donovan et al. 1997; Evrin et al. 2014; 
Remus et al. 2009). This stability of the MCM2-7 double-hexamer on chromatin is 
essential, as the loss of this complex from DNA during the G1-S transition would 
lead to inefficient DNA replication and genomic instability, since reloading of the 
helicase is blocked during S-phase. However, only now we are beginning to 
understand the molecular basis of the MCM2-7 double-hexamer stability (Sun et al. 
Genes & Development; in press). Interestingly, once the MCM2-7 double-hexamer is 
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formed it can slide on dsDNA in an ATP-hydrolysis independent manner, similarly to 
a ring on a string (Evrin et al. 2009; Remus et al. 2009). This may allow MCM2-7 
dispersal away from replication origins, which is consistent with observations that the 
MCM2-7 complex can be found at sites other than replication forks (Laskey and 
Madine 2003). Moreover, during pre-RC formation multiple MCM2-7 double-
hexamers are loaded at replication origins. These additional copies function to 
establish new forks if there is a terminal fork collapse due to severe DNA damage 
(McIntosh and Blow 2012). Although MCM2-7 double-hexamer formation is crucial 
for DNA replication, this complex has no DNA unwinding activity (Evrin et al. 2009; 
Remus et al. 2009) and needs to be activated for S-phase to start.  
 
Helicase activation  
Eukaryotic helicase activation is best understood in the model organism 
Saccharomyces cerevisiae, although the general principles are conserved across all 
eukaryotes. During the activation reaction, an excess of 30 protein factors are 
assembled on origins to form a pre-Initiation Complex (pre-IC) (Gambus et al. 2006; 
Zou and Stillman 1998), which leads to the establishment of active replication forks. 
Two kinases are crucial for pre-IC formation, cyclin-dependent kinase (CDK) and 
Dbf4 dependent kinase Cdc7 (DDK). Both promote complex assembly and 
coordinate the timing of replication initiation at hundreds of origins (Siddiqui et al. 
2013). Pre-IC formation culminates in the activation of the replicative helicase, which 
is composed of MCM2-7 and two accessory factors Cdc45 and GINS that together 
form the active holo-enzyme, the Cdc45-MCM2-7-GINS (CMG) complex (Costa et al. 
2011; Gambus et al. 2006; Moyer et al. 2006).  
 
Overview of pre-IC formation  
Saccharomyces cerevisiae pre-IC formation is divided into two discrete steps 
according to the requirements for DDK and CDK kinases. At the first step during late 
G1 phase, DDK activity promotes the association of Sld3, Sld7 and Cdc45 with 
replication origins (Heller et al. 2011; Kamimura et al. 2001; Kanemaki and Labib 
2006; Tanaka et al. 2011a). At the second step in a CDK dependent manner, Sld2, 
Dpb11, DNA polymerase ε (Polε) and GINS form a pre-loading complex (pre-LC) 
(Muramatsu et al. 2010) that associates with the origins via an Sld3-Dpb11 
interaction (Heller et al. 2011; Masumoto et al. 2002; Muramatsu et al. 2010; Tanaka 
6 
 
et al. 2007; Zegerman and Diffley 2007). As a consequence, the MCM2-7 double-
hexamer is transformed into the CMG complex, which functions as the active DNA 
helicase. Within the pre-RC, MCM2-7 encircles dsDNA, but the CMG encircles 
single-stranded DNA (ssDNA) (Fu et al. 2011), indicating that the MCM2-7 complex 
undergoes large conformational changes during pre-IC formation, which must 
involve MCM2-7 ring opening. Once the CMG is formed, Mcm10 seems to activate 
the complex, since the CMG cannot unwind DNA in the absence of Mcm10 and 
stays associated with the origin (Kanke et al. 2012; van Deursen et al. 2012; Watase 
et al. 2012). Finally, with the help of Ctf4 DNA polymerase α (Polα) is recruited 
(Gambus et al. 2009; Kang et al. 2013; Simon et al. 2014). Once Polα binds ssDNA 
synthesis is initiated by producing RNA primers through the primase subunits of the 
polymerase prior to processive DNA synthesis. Polε primarily functions for leading 
strand DNA synthesis, while DNA Polymerase  (Pol) serves for lagging strand 
DNA synthesis (Kunkel and Burgers 2008). A summary of the reactions leading to 
CMG formation is shown in Figure 1, whereas the known direct protein-protein 
interactions involved in initiation of replication are listed in Table 1 and shown in 
Figure 2. Both are based on work in Saccharomyces cerevisiae. Additionally, a 
comparison of the replication factors nomenclature in Saccharomyces cerevisiae, 
Schizosaccharomyces pombe and vertebrates is given in Table 2.  
 
The pre-RC to CMG transition – the known unknowns 
Initiation of DNA replication in bacteria is fairly simple, the DnaA protein unwinds 
origin DNA and then the replicative helicase is loaded straight on ssDNA (Arias-
Palomo et al. 2013; Speck and Messer 2001). As a consequence, the helicase can 
immediately start unwinding the DNA in a processive manner. Although this 
mechanism requires a very efficient system of inhibiting helicase loading at 
replication origins that have already fired, the regulation is more simple, because 
most bacteria only have one single replication origin and one single chromosome 
(Skarstad and Katayama 2013). Eukaryotic genomes are significantly more complex 
with many chromosomes and large numbers of replication origins. Here helicase 
loading and helicase activation need to be kept separate in order to maintain 
genomic stability (Diffley 2010). The incorporation of the two events (helicase loading 
and activation) into separate cell cycle phases allows for tight regulation of DNA 
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replication. In consequence of this, eukaryotes developed a helicase loading 
mechanism that is fundamentally different from bacteria. It is imperative that in 
eukaryotes the helicase is loaded in an inactive form on DNA (G1-phase), which is 
maintained on DNA until it is activated in the following cell cycle phase. Currently, we 
are only beginning to understand the structural changes in MCM2-7 that regulate its 
helicase activity during DNA loading in G1-phase and helicase activation in S-phase 
(Sun et al. Genes & Development, in press). One important principle is that the 
MCM2-7 helicase is loaded onto dsDNA, in this configuration helicase activity is 
likely inhibited. Consistently, no DNA unwinding was observed for the MCM2-7 
double-hexamer (Evrin et al. 2009; Remus et al. 2009). However, this inherently 
inactive form of a helicase represents a major challenge for the cell, as the complex 
needs to be activated in S-phase. We know that in budding yeast a number of 
protein factors are involved in this process, namely Sld2, Sld3, Sld7, Dpb11, Cdc45, 
GINS, Polε, RPA and Mcm10, but their function is entirely unknown (Boos et al. 
2012; Labib 2010; Muramatsu et al. 2010). Interestingly, most of these factors do not 
exist in bacteria and only some in archaea, consistent with the idea that eukaryotes 
have evolved a novel system of helicase activation. Nevertheless, the CMG structure 
and its functional analysis have revealed important clues. The CMG complex 
contains a single MCM2-7 hexamer that encircles single-stranded DNA (Costa et al. 
2011; Gambus et al. 2006; Yardimci et al. 2010; Yardimci et al. 2012), indicating that 
CMG formation requires two rather complex reactions: 1.) separation of the MCM2-7 
double hexamer and 2.) opening of the MCM2-7 ring, DNA melting and the extrusion 
of the lagging strand followed by ring closure around the leading strand. The order of 
these two events is unknown. Assuming that the MCM2-7 hexamer has only one 
DNA exit gate for ssDNA extrusion, we suggest two different models (Figure 3): If 
both exit gates are aligned along the horizontal axis of the MCM2-7 double-hexamer, 
then ring opening and ssDNA extrusion could occur prior to hexamer separation 
(Figure 3, model A). Alternatively, if the DNA exit gates are offset to each other, ring 
opening would be blocked by the hexamer-hexamer interactions. Indeed, very 
recently data have been obtained that support the model B (Sun et al, Genes & 
Development, in press) (Costa et al. 2014). Accordingly, double-hexamer separation 
would need to occur prior to ring opening (Figure 3, model B). However, in this case 
it is not clear how each individual hexamer can be directed to the correct DNA strand 
during strand extrusion. Although we are beginning to understand how the two 
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MCM2-7 hexamers are arranged relative to each other within the double-hexamer 
(Sun et al, Genes & Development, in press), (Costa et al. 2014), much needs to be 
discovered in respect of their activation mechanism. In particular we need to identify 
the MCM2-7 exit gate for ssDNA extrusion and analyse how the double-hexamer 
splits prior to CMG formation. One easy way of separating the hexamers would be 
turn on the helicase motor; since both hexamers are facing opposite directions, this 
could lead to dissociation from each other. It is not known how the MCM2-7 ATPase 
is regulated within the double-hexamer. However, within the CMG complex the ATP-
hydrolysis rate of MCM2-7 is much higher than for the purified MCM2-7 hexamer 
(Ilves et al. 2010), suggesting that the binding of GINS or Cdc45 could turn on the 
ATPase motor of the helicase. Alternatively a structural change in the double-
hexamer interface, which is composed of the MCM2-7 N-terminal domains, could 
induce the separation reaction. Indeed, DDK phosphorylates the MCM2-7 N-termini 
(Randell et al. 2010; Sheu and Stillman 2006); but it was recently found that this 
does not lead to double-hexamer separation (Sun et al, Genes & Development, in 
press)(On et al. 2014). Moreover, the activation of the helicase motor could also be 
linked to initial strand separation (DNA unwinding). Alternatively, Mcm10 and Sld2 
could participate in this process as well, as they are reported to be ssDNA binding 
proteins (Kanter and Kaplan 2011; Warren et al. 2008). If these factors participate in 
MCM2-7 ring opening and how this is coordinated with strand separation is not 
known. In conclusion, it remains a future challenge to understand how the known 
pre-IC proteins promote helicase activation; at present the unknowns far outweigh 
the knowns. 
 
The Cdc45-MCM2-7-GINS complex  
MCM2-7 represents the core of the eukaryotic helicase, but this complex has very 
little helicase activity of its own (Bochman and Schwacha 2008; Ishimi 1997; Lee and 
Hurwitz 2000). However, once Cdc45 and GINS are associated with MCM2-7, the 
complex acquires strong helicase activity (Ilves et al. 2010). Some structural 
information on the CMG complex has been obtained, giving insights into the 
organisation and function of the helicase. Moreover, as MCM2-7, Cdc45 and GINS 
are highly conserved, data obtained from various systems can be integrated, 
resulting in a more comprehensive understanding of the complex. The low-resolution 
three-dimensional reconstruction of the Drosophila melanogaster CMG identified the 
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arrangement of the proteins (Costa et al. 2011): the complex assumes a planar form, 
with Cdc45 and GINS binding to the side of a closed circular MCM2-7 complex, 
touching the Mcm2, Mcm5 and Mcm3 subunits. However, the structure of MCM2-7 in 
the CMG complex appears to differ from the structure of the MCM2-7 hexamer on its 
own. Drosophila melanogaster MCM2-7 assumes two different conformations: a 
notched planar form and a gapped spiral form. In each case, the MCM2-7 ring is 
broken, which was not observed with the CMG (Costa et al. 2011). This indicates 
that the purified MCM2-7 hexamer is unstable and that the binding of Cdc45 and 
GINS to MCM2-7 promotes stabilization of the complex, which seems to be 
important for its function. Additionally, it was found that the binding of Cdc45 and 
GINS to MCM2-7 generates a large channel through the CMG complex that 
stretches from the centre of the MCM2–7 pore to the inner surface of the 
Cdc45/GINS proteins. Furthermore, within the CMG Cdc45 and GINS make 
extensive contact with each other, both seen in the EM structure and reported in a 
protein-protein interaction analysis (Costa et al. 2011; Ilves et al. 2010; Im et al. 
2009). One side of Cdc45 interacts with the N-terminal α-helical domain of Psf2, 
while the other side contacts the N-terminus of Mcm2. On the other hand, GINS 
seems to interact with Mcm5. The structure of the CMG suggests that the complex 
cannot associate with dsDNA, as the central pore is not wide enough (Costa et al. 
2011). Indeed, a biochemical analysis of the CMG, using strand-specific DNA 
roadblocks and Xenopus egg extracts suggested that the CMG is a 3' to 5' ssDNA 
translocase (ssDNA passing through the central channel), suggesting that the 
helicase unwinds DNA via "steric exclusion" (Fu et al. 2011). Moreover, during DNA 
damage GINS can temporarily dissociate from the CMG complex, indicating that the 
complex is more dynamic than previously assumed (Hashimoto et al. 2012). 
In contrast to bacteria, where a hexameric helicase unwinds DNA, eukaryotes 
have evolved a more complex holo-helicase, which contains Cdc45 and the four-
subunit GINS complex in addition to the MCM2-7 hexamer. However, it remains to 
be seen how these helicase accessory factors contribute to processive DNA 
unwinding, and what the path is of both DNA strands through the CMG complex. 
Importantly, models that address these issues can be generated with current data. 
For example, it was reported that Cdc45 interacts tightly with ssDNA, both in budding 
yeast (Bruck and Kaplan 2013) and humans (Szambowska et al. 2014). Then again, 
human Cdc45 seems to have a preference for 3’-protruding strands and single-
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/double-strand DNA junctions, and the protein appears to be able to slide on DNA 
with 3’-5’ polarity (Szambowska et al. 2014). Additionally, a structural similarity was 
found between Cdc45 and RecJ, a prokaryotic ssDNA exonuclease (Krastanova et 
al. 2012; Sanchez-Pulido and Ponting 2011). These findings indicate that Cdc45 
interacts with ssDNA. Indeed, Szambowska and colleagues proposed that Cdc45 in 
the CMG could act as a wedge for the separation of the two strands (Szambowska et 
al. 2014). However, in the context of the CMG structure (Costa et al. 2011; Costa et 
al. 2014) Cdc45 appears distal to the site of DNA unwinding, arguing that Cdc45 
could guide ssDNA to the polymerase  or another associated factor. Based on 
these models, only a restricted path of DNA is possible through the CMG complex. 
One option is that the leading strand of DNA passes through the central channel of 
MCM2-7, whereas the lagging strand inserts in the lateral channel produced 
between the N-terminal and C-terminal parts in the Mcm2/Mcm5 interface, possibly 
contacting at this point Cdc45 or the Cdc45/GINS interface (Figure 4, model A). The 
other option is that the lagging strand makes limited contacts with MCM2-7 on its 
outer C-terminal surface and additional major contacts with Cdc45, potentially 
involving a ssDNA binding groove (Costa et al. 2014; Krastanova et al. 2012; 
Sanchez-Pulido and Ponting 2011), and GINS (Figure 4, model B). Both models are 
consistent with a recent analysis of the DNA binding properties of an archaeal MCM 
homologue and budding yeast MCM2-7. The study revealed that residues on the 
surface of the N-terminal MCM2-7 OB-fold are crucial for interaction with ssDNA of 
the leading strand (Froelich et al. 2014), consistent with the idea that MCM2-7 
encircles ssDNA. Mutations of these residues in MCM2-7 did not have an effect on 
Cdc45 association with origins, but surprisingly impacted on GINS and RPA 
association. Additionally, the models are consistent with a recent electron 
microscopy analysis of the CMG complex, which indicates that the leading DNA 
strand passes through the MCM2-7 central channel (Costa et al. 2014). 
Nevertheless, more studies will be required to validate/invalidate these speculative 
models and to understand fully how the two strands of DNA pass through the CMG 
complex. 
 
DDK dependent regulation of DNA replication in Saccharomyces cerevisiae 
Helicase activation is initiated by DDK, which targets the MCM2-7 double-hexamer. 
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This reaction involves recruitment of the kinase to replication origins, which begins 
already in the G1 phase of the cell cycle (Katou et al. 2006; Natsume et al. 2013). 
Here, Dbf4 interacts with Mcm2 (Ramer et al. 2013), whereas Cdc7 associates with 
both Mcm4 and Mcm5 (Ramer et al. 2013; Sheu and Stillman 2006). Thus, several 
docking sites for DDK are available within the helicase. However, as these sites are 
spread across a large surface of the MCM2-7 complex, it seems possible that 
multiple DDK complexes are operating in the context of the MCM2-7 double 
hexamer. Purified DDK was found to phosphorylate the Mcm2, Mcm4 and Mcm6 
subunits, with strong prevalence for MCM2-7 in its double-hexameric form (Sun et al, 
Genes & Development, in press) (Francis et al. 2009). DDK targets sequences for 
phosphorylation characterized by an acidic residue at the +1 position, which can be 
either an acidic amino acid or a negative charge provided by a phosphoserine or 
phosphothreonine (Charych et al. 2008; Cho et al. 2006; Montagnoli et al. 2006). 
Indeed, both CDK and the checkpoint kinase Mec1 phosphorylate chromatin-
associated MCM2-7, generating priming sites for DDK dependent phosphorylation, 
which contributes to efficient helicase activation and genomic stability (Randell et al. 
2010). It is likely that DDK has a large number of targets in the cell, but for budding 
yeast it was shown that MCM2-7 is the essential target of the kinase, as mutations in 
subunits of the helicase can bypass the DDK requirement of the cell (Hardy et al. 
1997; Sheu and Stillman 2010). In particular the Mcm4 N-terminus contains a 
domain with an inhibitory activity that becomes alleviated upon phosphorylation 
(Sheu and Stillman 2010). Then again, a point mutation in the N-terminus of Mcm5 
also promotes DDK-independent DNA replication (Hardy et al. 1997). The structural 
change associated with DDK dependent phosphorylation of the MCM2-7 double-
hexamer is unclear, although it has been shown recently that the change does not 
involve separation of the MCM2-7 double-hexamer (On et al. 2014). On the other 
hand, DDK phosphorylation of MCM2-7 may generate new protein binding sites, 
because Sld3, Sld7 and Cdc45 only bind to origins upon DDK activation (Heller et al. 
2011; Natsume et al. 2013; Tanaka et al. 2011a). To establish temporal control of 
DNA replication the activity of DDK must be regulated. The Cdc7 kinase subunit is 
stable during the cell cycle, however, the regulatory Dbf4 subunit becomes 
ubiquitinated by the Anaphase Promoting Complex/Cyclosome (APC/C) and 
targeted for proteasome mediated degradation during late mitosis and G1-phase of 
the cell cycle (Ferreira et al. 2000; Oshiro et al. 1999; Peters 2006; Weinreich and 
12 
 
Stillman 1999). Subsequently, phosphorylation of the APC/C activator protein Cdh1 
by G1-CDKs prevents Cdh1 from binding and activating the APC/C, thereby allowing 
S-phase kinases to accumulate (Jaspersen et al. 1999; Zachariae et al. 1998). This 
regulatory loop guarantees that Dbf4 activity is kept low during G1 phase of the cell 
cycle. However, it does not explain the regulation of the replication timing of 
individual chromosomal domains. Several recent studies showed that DDK is 
modulated in a chromosome loci specific form; for example, the Ctf19 kinetochore 
complex can recruit Dbf4 to the kinetochores in telophase to promote early DNA 
replication in S-phase (Natsume et al. 2013). Then again, origins that fire late during 
S-phase, e.g. telomeres, have been shown to contain a negative regulator of DDK 
activity. The Rap1-interacting factor 1 (Rif1) protein binds to late origins and recruits 
Protein Phosphatase 1 (PP1), which facilitates the dephosphorylation of the MCM2-7 
complex and blocks helicase activation (Dave et al. 2014; Hiraga et al. 2014; 
Mattarocci et al. 2014; Renard-Guillet et al. 2014). 
 
CDK dependent regulation of DNA replication in Saccharomyces cerevisiae 
The eukaryotic cell cycle is controlled by the activity of CDKs, a family of threonine-
serine protein kinases that phosphorylate specific target proteins. The catalytic 
subunit of the kinase is regulated by cell cycle dependent association with a 
regulatory subunit, a cyclin, whose expression and/or stability is also cell cycle 
dependent. Association of a cyclin with CDK controls specific cell cycle transitions. 
For instance, G1-CDK promotes S-phase entry, S-CDK inhibits origins licensing and 
promotes DNA replication and finally M-CDK regulates chromosome segregation 
during mitosis (Humphrey and Pearce 2005). Similarly to DDK, the S-CDK 
concentration is regulated by APC/C mediated degradation and therefore follows a 
similar dynamic as described above for DDK (Ang and Wade Harper 2005).  
Regulation of pre-RC formation 
Relatively low levels of S-CDK are sufficient to inhibit MCM2-7 loading at replication 
origins. For tight control, multiple pre-RC proteins become modified: Firstly, the 
kinase   phosphorylates Orc2 and Orc6 (Nguyen et al. 2001), which in turn inhibits 
the interaction of ORC with Cdt1 (Chen and Bell 2011; Fernandez-Cid et al. 2013; 
Frigola et al. 2013). Second, S-CDK dependent phosphorylation of Cdc6 induces its 
degradation by the SCF complex (Drury et al. 1997; Elsasser et al. 1999; Perkins et 
al. 2001). Third, phosphorylation of Mcm3 results in MCM2-7/Cdt1 export from the 
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nucleus (Labib et al. 1999; Liku et al. 2005; Nguyen et al. 2001). All these redundant 
mechanisms prevent pre-RC formation during the G1-S transition, ensuring that no 
origin is being licensed again after it has been already fired. 
 
Regulation of pre-IC formation 
The most important role of S-CDK is to promote initiation of DNA replication. It was 
found that Sld2 and Sld3 are the two essential targets of CDK in budding yeast 
(Masumoto et al. 2002; Tanaka et al. 2007; Zegerman and Diffley 2007). However, it 
remains unknown whether this is also true for higher eukaryotes. It was 
demonstrated that S-CDK phosphorylates Sld2 and Sld3 to induce interactions with 
Dpb11. Moreover, Dpb11 contains two pairs of BRCA1 C-terminus (BRCT) domains, 
which have phosphopeptide binding activity, and are essential for Sld2 and Sld3 
binding. The N-terminal pair of BRCT domains bind Sld3-P and the C-terminal pair of 
BRCT domains bind Sld2-P, forming a trimeric complex. On the other hand, it has 
been shown recently that a flexible linker in between these two pairs of BRCT 
domains binds GINS and that this is important for efficient replication (Tanaka et al. 
2013). In particular the binding of Sld2-P to Dpb11 is crucial for the formation of a 
pre-loading complex (pre-LC), which consists of Sld2-P, Dpb11, GINS and Polε, and 
functions for GINS recruitment to the replication origin and CMG formation 
(Muramatsu et al. 2010). Importantly, Sld2 becomes phosphorylated on multiple 
sites; however the phosphorylation of Thr84 is essential for Dpb11 binding (Tak et al. 
2006). Thr84 phosphorylation requires pre-phosphorylation of several other sites in 
Sld2, therefore Thr84 becomes only phosphorylated at high CDK activity. This 
regulatory principle could be important, as it allows complete inhibition of pre-RC 
formation at low CDK concentrations, prior to helicase activation at high CDK 
concentrations. Moreover, hierarchical multisite-phosphorylation is predicted to allow 
a switch-like activation of Sld2 (Brummer et al. 2010). However, how switch-like Sld2 
activation is coordinated with the replication timing program of the cell is currently 
unclear.  
Remarkably, simultaneous bypass of the CDK and DDK pathways in G1 phase, 
using a Sld3–Dpb11 fusion (SD fusion), overexpression of a phospho-mimetic Sld2-
T84D mutation and an mcm4Δ74–174 allele allows extensive DNA synthesis in α-
factor arrested G1 cells (Sheu and Stillman 2010). Importantly, in case of DNA 
damage, Rad53 functions to inhibit both CDK- and DDK-dependent activation 
14 
 
pathways. Rad53 acts on DDK directly by phosphorylating Dbf4, whereas the CDK 
pathway is blocked by Rad53-mediated phosphorylation of the essential CDK 
substrate, Sld3 (Duch et al. 2011; Lopez-Mosqueda et al. 2010; Zegerman and 
Diffley 2010). This regulatory principle inactivates DDK, but allows CDK to remain 
active during S phase in the presence of DNA damage, which is crucial to prevent 
re-licensing of origins that have already fired.  
 
Differential regulation of pre-IC formation in S. pombe and vertebrates 
The core factors of the replicative helicase are conserved between archaea and 
eukaryotes (MCM, Cdc45, GINS), while the pre-IC proteins (Dpb11, Sld2, Sld7, Sld3, 
Mcm10, Ctf4) have no apparent ortholog in bacteria and are not required for viral 
DNA replication. Additionally, the latter factors have evolved in higher eukaryotes 
and have acquired new protein domains or functions (Tanaka and Araki 2013).  
 
S. pombe and S. cerevisiae helicase activation factors have a fairly high 
sequence similarity, though their regulation is partially different. In S. pombe DDK is 
required for Sld3 recruitment to origins, but Sld3 association, other than in budding 
yeast, is Sna41/Cdc45 independent. Instead Sna41/Cdc45 associates with 
chromatin in a CDK dependent manner (Fukuura et al. 2011; Yamada et al. 2004). 
Nevertheless, it was found in S. pombe that the Sld3-origin interaction is essential for 
the subsequent recruitment of Cut5/Dpb11, Drc1/Sld2, Sna41/Cdc45 and GINS 
(Yabuuchi et al. 2006). Similarly as in budding yeast, DDK is essential for the 
process of helicase activation; though, in fission yeast DDK-bypass mutants in the 
MCM2-7 helicase have not been identified. However, the deletion of Rif1 (discussed 
in the DDK section) or Mrc1, which encodes a protein that is required for 
maintenance of replication fork integrity, can bypass the DDK requirement in S. 
pombe (Hayano et al. 2012; Matsumoto et al. 2011). Moreover, S. pombe CDK 
facilitates the interaction of Drc1/Sld2 and Sld3 with Cut5/Dpb11, as demonstrated in 
budding yeast (Fukuura et al. 2011; Nakajima and Masukata 2002; Noguchi et al. 
2002; Saka et al. 1994), but then again the CDK-dependent phosphorylation of Sld3 
in S. pombe was found to be less important  for its interaction with Cut5/Dpb11 than 
in S. cerevisiae, probably because the Drc1/Sld2 interaction with Cut5/Dpb11 
stabilizes the trimeric Drc1/Sld2-Cut5/Dpb11-Sld3 complex (Fukuura et al. 2011).  
In vertebrates, the predicted homologues of Sld3, Sld2 and Dbp11 are 
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Treslin/Ticrr, RecQ4 and TopBP1, respectively, but their amino acid and domain 
organisation has diverged significantly (Tanaka and Araki 2013). As in budding 
yeast, human and Xenopus Treslin/Ticrr/Sld3 can bind Cdc45 and it is required for 
its association with origins (Im et al. 2009; Kumagai et al. 2011; Van Hatten et al. 
2002). Additionally, it was recently suggested that the central domain of Sld3, 
containing the essential binding site for Cdc45, is conserved in the Sld3/Treslin 
family of proteins (Itou et al. 2014). Furthermore, human and Xenopus 
Treslin/Ticrr/Sld3 bind the N-terminal BRCT domain of TopBP1/Dpb11 and is 
phosphorylated by CDK on the same conserved sites (Boos et al. 2011; Kumagai et 
al. 2011). Also, the human checkpoint kinase 1 (Chk1) can reduce the interaction of 
Treslin/Sld3 with TopBP1/Dpb11, in the same way to what was observed for Rad53 
regulation of the interaction between Sld3 and Dpb11 in budding yeast (Boos et al. 
2011; Kumagai et al. 2011; Lopez-Mosqueda et al. 2010; Zegerman and Diffley 
2010), indicating that even though their sequence has diverged, Treslin and Sld3 
function in an identical manner.  
Likewise, RecQ4, has been suggested as the homologue of Sld2, despite the 
fact that the two proteins have very limited sequence conservation. The two proteins 
share only a weak similarity in the N-terminal portion, but this region is essential for 
DNA replication in Xenopus (Matsuno et al. 2006; Sangrithi et al. 2005). Moreover, 
RecQ4 association with origins is TopBP1/Dpb11 and pre-RC dependent. However, 
RecQ4 differs from Sld2 due to the following functional characteristics: unlike Sld2, 
RecQ4 contains a C-terminal helicase domain and is not required for 
TopBP1/Dpb11, Cdc45 or GINS interaction with origin DNA. Furthermore, RecQ4 
and TopBP1/Dpb11 can bind in the absence of CDK phosphorylation, which is 
essential for the Sld2-Dpb11 interaction (Matsuno et al. 2006; Sangrithi et al. 2005), 
similarly to what observed for the interaction between S. pombe Sld3 and 
Cut5/Dpb11. Additionally, unlike Sld2, RecQ4 is not needed for Cdc45 and GINS 
binding to chromatin (Matsuno et al. 2006; Sangrithi et al. 2005), despite its 
requirement for replication initiation. Finally, unlike Sld2, Xenopus RecQ4 binds to 
Mcm10 and associates with the CMG in a Mcm10 dependent manner (Xu et al. 
2009). In summary, although RecQ4 and Sld2 share some similarities, it is still an 
open question if RecQ4 is the functional homologue of Sld2. 
TopBP1 is thought to be the functional homologue of Dpb11 in vertebrates, as 
both proteins share important structural similarities (Garcia et al. 2005; Rappas et al. 
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2011; Tanaka and Araki 2013). However, some differences have been observed as 
well. Similarly to what is known for lower eukaryotes, the association of 
TopBP1/Dpb11 with chromatin is CDK dependent. Yet other than in yeast, this 
interaction is modulated by CDK concentration. At low CDK concentration Xenopus 
TopBP1/Dpb11 is recruited to chromatin via an interaction with ORC, and at high 
CDK concentrations via a pre-RC interaction. Even the recruitment at low CDK 
concentration is sufficient for DNA replication (Hashimoto and Takisawa 2003; Van 
Hatten et al. 2002). Moreover, Xenopus TopBP1/Dpb11 and Cdc45 interact directly 
(Schmidt et al. 2008), which is probably important, since Cdc45 association with 
chromatin requires TopBP1/Dpb11 (Kumagai et al. 2011; Van Hatten et al. 2002). 
Vertebrate TopBP1 and S. cerevisiae Dpb11 contain BRCT domains of variable 
number (Garcia et al. 2005; Rappas et al. 2011). Nevertheless, in Xenopus the first 
two BRCT repeats of TopBP1/Dpb11 are involved in Treslin/Sld3 binding and are 
essential for replication (Kumagai et al. 2010). Additional BRCT domains of TopBP1, 
which do not exist in S. cerevisiae Dpb11, function in checkpoint control of DNA 
replication (Garcia et al. 2005), indicating that this function has become more 
important for vertebrates. 
Homologues for Mcm10 and Pol𝜀 have also been identified in vertebrates. 
Budding and fission yeast Mcm10 is involved in activation of the CMG for processive 
DNA unwinding (Kanke et al. 2012; van Deursen et al. 2012; Watase et al. 2012), 
while human and Xenopus Mcm10 functions in the assembly of the CMG (Di Perna 
et al. 2013; Im et al. 2009; Wohlschlegel et al. 2002) together with Ctf4 and RecQ4 
(Im et al. 2009). Additionally, an interaction between human TopBP1/Dpb11 and Polε 
has been reported (Makiniemi et al. 2001), suggesting that a counterpart of the pre-
LC may also exist in metazoans. 
Among all the replication factors involved in helicase activation in budding 
yeast, only Sld7 is currently lacking homologues in higher eukaryotes. However, very 
recently MTBP (MDM Two Binding Protein) has been proposed as the functional 
homologue of Sld7 in human cells, although their amino-acid sequence and 
organisation is quite different. MTBP is reported to interact with Treslin/TICRR 
throughout the cell cycle and its depletion inhibits DNA replication by preventing 
assembly of the CMG prior to origin firing (Boos et al. 2013). Moreover, two 
metazoan factors, GEMC1 and DUE-B (Balestrini et al. 2010; Chowdhury et al. 
2010) both of which bind to TopBP1 and Cdc45, are required in Xenopus for the 
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recruitment of Cdc45 to chromatin. However both factors have no homologue in 
lower eukaryotes, indicating that activation of the replicative helicase is more 
complex in vertebrates than in yeast. Nevertheless, metazoan DDK and CDK, 
similarly as in S. cerevisiae, regulate pre-IC formation, with DDK acting prior to CDK, 
and DDK dependent phosphorylation of MCM2-7 (Masai et al. 2000) facilitating 
Cdc45 binding of chromatin (Masai et al. 2006), indicating that the overriding DNA 
replication concepts are conserved between lower and higher eukaryotes.  
 
Outlook  
In budding yeast, all essential proteins for helicase activation have been identified. 
The same is not the case for the human system, where a number of new factors 
have been identified over the last few years. Many factors involved in CMG 
assembly seem to interact in a cooperative manner during pre-IC assembly. 
Although the functional analysis of DDK and CDK kinases on pre-IC formation have 
allowed the identification of a 2-step mechanism in complex assembly, the key 
question for years to come is: what is the function of these pre-IC proteins beyond 
their role in complex assembly? In particular, we need to identify how these proteins 
affect the MCM2-7 double-hexamer structure, MCM2-7 interaction with DNA and its 
helicase activity. Moreover, it will be crucial to understand how the CMG complex 
activity is regulated during DNA synthesis. Answering these questions will require 
integrated approaches and new assays, specifically investigating the functions of 
each individual component during pre-IC formation.  
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Figure legends 
 
Figure 1. Schematic representation of the initiation of replication 
In late G1-phase DDK phosphorylates the MCM2-7 double hexamer, which allows 
the recruitment of Sld3 and Cdc45 to replication origins. Subsequently, in S-phase, 
Mcm10 and the pre-LC, consisting of Sld2, Dpb11, Polε and GINS, associate with 
the origins in a CDK dependent manner. The complex formed (pre-IC) is competent 
for DNA unwinding and recruitment of Polα and Pol, prior to replisome formation 
and DNA synthesis. 
 
Figure 2. Protein-protein interactions in helicase loading and activation 
Schematic representation of the interactions involved in (A) helicase loading and (B) 
the activation process. Solid lines represent direct physical interactions whereas 
dashed lines indicate interactions identified by the two hybrid system. 
 
Figure 3. Schematic representation of strand extrusion models 
The double-hexamer is loaded onto dsDNA. Model A: Exit gates are aligned along 
the horizontal axis of the MCM2-7 double-hexamer. In this case ring opening and 
ssDNA extrusion could occur prior to hexamer separation. Model B: DNA exit gates 
are offset from each other; therefore ring opening is blocked by the hexamer-
hexamer interactions. In this case double-hexamer separation would need to occur 
prior to ring opening.  
 
Figure 4. Models showing the path of DNA through the CMG 
C-terminal view of MCM2-7 in complex with Cdc45 and GINS. (A) The leading strand 
passes right through the central channel of the CMG, whereas the lagging strand 
inserts in the lateral channel at the Mcm2/Mcm5 interface, contacting at this point 
Cdc45 or the Cdc45/GINS interface. (B) The leading strand passes through the 
central channel of the CMG, while the lagging strand makes strong contacts with a 
ssDNA binding groove of Cdc45 and minor contacts with MCM2-7 on its outer C-
terminal surface and GINS. The EM map of the CMG complex is based on EMDB-
1832 (Costa et al. 2011).  
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Table 1: Summary of known protein-protein interactions involved in helicase 
activation 
    
Interaction Binding involves Method Reference 
    
pre-RC proteins    
    
ORC - Cdc6 Orc1 and Orc2, Cdc6 FL Two hybrid (Huo et al. 2012)  
    
Orc6 - Cdt1 Orc6 aa 1-185, 270-435; Cdt1 FL Purified proteins (Chen et al. 2007) 
 Full length proteins Purified proteins (Chen et al. 2007) 
    
Cdc6 - Mcm3 Full length proteins Purified proteins (Sun et al. 2013) 
    
Cdt1 - MCM2-7 Cdt1 aa 1-312, MCM2-7 FL Purified proteins (Fernandez-Cid et al. 2013)  
 Cdt1 aa 306-604, MCM2-7 FL Purified proteins (Fernandez-Cid et al. 2013)  
 Cdt1 aa 472-604, MCM2-7 FL Purified proteins (Takara and Bell 2011) 
    
pre-IC proteins    
    
MCM2-7 - DDK Mcm4 and Cdc7 Purified proteins (Sheu and Stillman 2006)  
 Mcm2 aa 204-278, DDK  Purified proteins (Bruck and Kaplan 2009) 
 Mcm2 and Dbf4 Purified proteins (Ramer et al. 2013) 
 Mcm5 and Cdc7 Purified proteins (Ramer et al. 2013)  
    
MCM2-7 - Sld3 Full length proteins Purified proteins (Bruck and Kaplan 2011a) 
    
Sld3 - Sld7  
 
Sld3 aa 60-120, Sld7 FL Two hybrid and 
purified proteins 
(Tanaka et al. 2011b) 
    
Sld3 - Cdc45 Full length proteins Two hybrid (Kamimura et al. 2001) 
 Sld3 aa 150-430, Cdc45 FL Two hybrid (Tanaka et al. 2007) 
 Full length proteins Two hybrid (Zegerman and Diffley 2010) 
 Full length proteins Purified proteins (Bruck and Kaplan 2011a; Bruck and 
Kaplan 2013) 
    
Sld3 - GINS Sld3 FL and Psf1 FL Two-Hybrid (Takayama et al. 2003) 
    
Cdc45 - MCM2-7 Full length proteins Purified proteins (Bruck and Kaplan 2011a) 
    
Sld3 - Dpb11 Sld3 aa 527-668, Dpb11 FL Two hybrid (Tanaka et al. 2007) 
 Full length proteins Two hybrid (Zegerman and Diffley 2010) 
 Full length proteins Purified proteins (Bruck and Kaplan 2011b) 
 Full length proteins  Purified proteins (Wang et al. 2012) 
    
Cdc45 - GINS Full length proteins Purified proteins (Bruck and Kaplan 2011a) 
    
Cdc45 - Rad53 Full length proteins Two hybrid and 
purified proteins 
(Aucher et al. 2010) 
    
Sld2 - MCM2-7 Full length proteins Purified proteins (Bruck et al. 2011)  
    
Dpb11 - Sld2 Full length proteins Two hybrid (Kamimura et al. 1998)  
 Full length proteins Two hybrid (Tak et al. 2006) 
    
Dpb11 - Polε Dpb11 FL and Dpb2 FL Two hybrid (Edwards et al. 2002) 
    
Dpb11 - GINS Dpb11 FL and Psf1 FL Two hybrid (Takayama et al. 2003) 
    
Sld2 - Polε Sld2 FL and Dpb2 FL Purified proteins (Muramatsu et al. 2010) 
    
Polε - GINS Dpb2 FL and Sld5 FL Purified proteins (Muramatsu et al. 2010) 
    
GINS - Ctf4 Full length proteins Purified proteins (Tanaka et al. 2009) 
 Full length proteins Purified proteins (Gambus et al. 2009) 
    
Polα - Ctf4 Pol1 FL and Ctf4 FL Two hybrid (Zhou and Wang 2004) 
 Full length proteins Two hybrid (Gambus et al. 2009) 
    
Mcm10 - MCM2-7 Mcm10 FL and Mcm2 FL Two hybrid (Merchant et al. 1997) 
 Mcm10 FL and Mcm2 FL Two hybrid (Lee et al. 2010) 
 Mcm10 FL and Mcm3 FL Two hybrid (Liachko and Tye 2009) 
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 Mcm10 FL and Mcm6 FL Two hybrid (Merchant et al. 1997) 
 Mcm10 FL and Mcm6 FL Two hybrid (van Deursen et al. 2012) 
Table 2: Orthologs of replication factors 
S. cerevisiae S. pombe Metazoa Function 
ORC (Orc1-6) ORC (Orp1-6) ORC Origin Recognition Complex, pre-RC component 
Cdc6 Cdc18 Cdc6 ATP-binding protein, pre-RC component 
Cdt1 Cdt1 Cdt1 DNA replication licensing factor, pre-RC component 
MCM2-7 MCM2-7 MCM2-7 Replicative helicase, pre-RC and CMG component 
- - Geminin DNA licensing inhibitor 
? ? GEMC1 Required for recruitment of Cdc45 to chromatin 
? ? DUE-B  Required for recruitment of Cdc45 to chromatin 
Sld3 Sld3 Treslin/Ticrr   Required for helicase activation and pre-IC formation 
Sld7 ? MTBP?   Non-essential factor, interacts with Sld3/Treslin 
Cdc45 Cdc45/Sna41 Cdc45 Required for pre-IC formation, CMG component 
Sld2 Drc1 RecQ4/ RecQL4?  Required for helicase activation and pre-IC formation,  
pre-LC component 
Dpb11 Cut5/Rad4 TopBP1/Cut5/Mus101 Loads Pol𝜀 and GINS into pre-IC, pre-LC component 
GINS GINS   GINS   CMG and pre-LC component 
Pol𝜀 Pol𝜀   Pol𝜀   Leading strand polymerase, pre-LC component 
MCM10 MCM10   MCM10   Required for CMG activation 
RPA RPA   RPA   Single-stranded DNA binding protein 
Ctf4 Mcl1   AND-1   Required for sister chromatid cohesion; interacts with Polα 
PCNA PCNA   PCNA   Sliding clamp of DNA polymerases 
Kinases involved in DNA replication 
Dbf4 Dfp1/Him1 Dbf4 DDK regulatory subunit 
Cdc7 Hsk1 Cdc7 DDK catalytic subunit 
Clb5  Cig2 Cyclin E Cyclin involved in S-phase, CDK regulatory subunit 
Cdc28  Cdc2 Cdc2/Cdk2 CDK catalytic subunit 
Mec1 Rad3 ATR Genome integrity checkpoint protein kinase 
Rad53 Cds1 Chk2 DNA damage response protein kinase 
 
The replicative factors that associate with origins in the absence of CDK are shown 
in grey; the factors that associate in a DDK-dependent manner are shown in red and 
in purple are shown the factors that require both DDK and CDK. No colour is shown 
whenever the kinase requirement has not been directly determined.  
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